Abstract: Space-time block codes (STBCs) allow the diversity provided by multiple-inputmultiple-output (MIMO) communication channels to be utilised, thereby increasing the capacity over ergodic fading channels or decreasing the outage probability over non-ergodic fading channels. The authors consider the deployment of orthogonal STBCs in spatially distributed mesh networks where the potentially different average sub-channel gains from any transmit to any receive antenna are assumed to be known at the transmitting elements. To optimise performance in terms of capacity or outage probability, heavy signal processing is required at each transmit element as only numerical optimisation is known to yield the optimum performance. In the paper, explicit near-optimum transmit power allocation strategies for distributed STBCs operating over ergodic and non-ergodic frequency-flat Rayleigh fading channels are introduced which reduce the required signal processing considerably.
Introduction
Nokia has proposed utilising a static relaying mesh network, mounted to the rooftops of houses, to provide broadband access to sparse residential areas [1] . Data from source to sink can either be routed along a single path or along multiple paths in a distributed fashion, as visualised in Fig. 1 . The establishment of such communication topology is certainly challenging; however, the clear advantages are the cheap deployment cost and the potentially high data rates.
Data rates can be further increased by deploying multiple-input-multiple-output (MIMO) transceivers, which were shown to yield an increase in spectral efficiency over ergodic channels and a decrease in outage probability for a given communication rate over non-ergodic channels when compared to single-input-single-output (SISO) systems [2, 3] .
An effective way of approaching the promised capacity and outage probability limits have proven to be space-time multiplexing techniques, i.e. BLAST [4] , and space-time coding techniques, i.e. space-time trellis codes (STTCs) [5] and space-time block codes (STBCs) [6, 7] .
STTCs are known to yield diversity and coding gains [5] but at the expense of an increase in decoding complexity. STBCs, however, yield only diversity gains at the benefit of a decreased encoding and decoding complexity [7] .
Concatenated with an outer trellis or turbo code, STBCs were shown to be the most attractive solution in terms of performance against signal processing complexity [8] .
Despite the capacitive advantages of MIMO techniques, the disadvantages are higher deployment costs owing to multiple RF chains and also the required uncorrelated channel at transmit and receive antennas. Correlation is known to affect the capacity and performance of MIMO systems, where the degree of correlation is a function of the wavelength, the power azimuth distribution and the antenna separation [9] . For the considered rooftop scenario with fairly narrow angular spreads, separations of well above 3 m are required at a centre frequency of 5.2 GHz. This renders a cheap deployment of mesh relaying broadband systems impractical.
Distributed wireless relaying systems may provide the answer to aforementioned problems, where widely separated single antenna elements are synchronised such that they emulate a MIMO channel. These antenna elements may or may not cooperate among each other, where an increasing degree of cooperation clearly increases performance. The relaying and distributed communication process are known to provide superior performance when compared to non-relayed and non-distributed systems, as demonstrated, e.g., by [10] [11] [12] [13] [14] [15] [16] [17] .
This work considers the utilisation of relaying systems with distributed STBCs operating over ergodic and nonergodic Rayleigh fading channels. A feedback channel, which informs each transmit element about the average subchannel gains is assumed. Such feedback allows the transmit power of each antenna to be optimised, which is different from the waterfilling principle [2] where power is allocated to each eigenmode. Since the sub-channel gains from any distributed transmit element to any distributed receive element are potentially different, numerical optimisation is traditionally required to find an optimum allocation of transmit power so as to maximise the capacity or minimise the outage capacity for a given rate.
The contributions of this paper are explicit near-optimum transmit power allocation strategies for distributed STBCs. These strategies render a numerical optimisation superfluous, thereby decreasing the signal processing load in each transmit antenna element. The precision and applicability of the derived strategies are also corroborated by copious simulation results.
The paper is structured as follows. In Section 2, the underlying system model is presented. The low-complexity transmit power allocation strategies for ergodic and nonergodic fading channels are introduced and analysed in Sections 3 and 4, respectively. Finally, conclusions are drawn in Section 5.
System model
The functioning of the distributed space-time block transcoder is subsequently described with reference to one example relaying stage, which is depicted in Fig. 2 . Here, two spatially distributed relaying rooftop nodes with three antennas in total receive the signal stream from the previous relaying stage, after which they possibly cooperate with each other. Note that the exact realisation of the cooperation is beyond the scope of this paper.
After possible cooperation, each of the two nodes passes the three signal streams to the combiner and maximum likelihood (ML) decoder. The detected data is then spacetime block encoded in a distributed manner, where a distinct spatial codeword is transmitted from each antenna at any time. The required negotiation to establish which node transmits which space-time codeword is facilitated by means of some form of control signalling. Finally, the nodes are synchronised and the re-encoded distributed space-time block code is transmitted from the three antenna elements towards the next stage.
Since a wireless transceiver cannot transmit and receive at the same time in the same frequency band, and also to avoid interference, a suitable medium access control (MAC) protocol has to be deployed which guarantees that resources in form of bandwidth or frame duration are utilised in an orthogonal manner between the relaying stages. For instance, if the first relaying stage receives data over the entire bandwidth W during a time interval T 1 , then it retransmits the data during a time interval T 2 , where T 1 and T 2 are disjoint. If in addition each transmitting node is aware of the average sub-channel gains in the system, then the fractional frame durations T 1 and T 2 can be optimised so as to maximise the end-to-end data throughput.
Such fractional resource allocation strategies have been developed in [18] for generic communication topologies where, based on the average sub-channel gain in the system, each node is assigned a throughput-maximising fractional transmission power and fractional bandwidth or frame duration. The provision of the average sub-channel gains is not deemed to be a serious problem, particularly for the fairly static rooftop communication scenario. Also, synchronisation among the non-mobile rooftop nodes is assumed to be perfect.
Generally, there might be t distributed transmit and r receive antennas in a relaying stage. At each distributed internet backbone transmitter, b Á s bits are fed into the modulator, which Gray-maps b ¼ log 2 M bits onto an M-PSK or M-QAM signal constellation, thereby producing s symbols, i.e. x 1 ; x 2 ; . . . ; x s . These are space-time block encoded with rate R and transmitted over a flat fading t Â r space-time channel. The later can be cast into a matrix H, the entries H ij of which are the generally complex channel realisations from distributed transmitter i 2 ð1; tÞ to distributed receiver j 2 ð1; rÞ. These channel realisations are henceforth referred to as sub-channels.
At the receiving side, the signal streams are combined using maximum-ratio combining and space-time decoded. The orthogonality of the space-time code generator matrix allows the ML detection problem to be decomposed into s parallel ML decision metrics for each of the sent symbols x l2ð1;sÞ [5, 19] . Using Theorem 7.3 in [19] , it has been shown that the instantaneous signal-to-noise ratio (SNR), r, per symbol x l2ð1;sÞ at detection is given as r ¼ 1 R l t S N , where S is the average transmitted signal power and N is the average receiver noise power. Furthermore
where H Ã ij denotes the conjugate complex to H ij , h 9 vectðHÞ and h i2ð1; t Á rÞ are the entries of the vectorised matrix h. To simplify notation, the following is adopted throughout the paper: g ðiÀ1Þ Á rþj9 Efh ðiÀ1Þ Á rþj h Ã ðiÀ1Þ Á rþj g, where EfÁg denotes the statistical expectation. Hence, g ðiÀ1Þ Á rþj is the average gain of the ðði À 1Þ Á r þ jÞth sub-channel. Note that a sub-channel is realised from any distributed transmit to any distributed receive antenna; this causes the average sub-channel gains to be different from each other owing to different pathloss and shadowing.
Ergodic channel
Independent of the signal processing at transmitter and receiver, the capacity of an additive Gaussian noise channel was defined by Shannon as the maximum achievable rate for a given bandwidth, signal power and noise power [20] . In the case of a fading channel, the received signal power itself becomes a random variable which depends on the transmitted signal power and the channel fading statistics.
If the channel fading process is ergodic, i.e. its moments (or at least its average) can be observed with certainty, then a maximum rate can be achieved which is independent from instantaneous fading realisation; this rate is known to be the capacity of the wireless fading channel [2] .
The use of STBCs is clearly a form of signal processing which, strictly speaking, does only allow one to find the maximum achievable rate for the chosen signal processing scheme. For simplicity, this maximum mutual information between transmitter and receiver with deployed STBCs is henceforth referred to as capacity.
The capacity of the space-time encoded MIMO systems with unequal average sub-channel gains can be expressed in closed form as [18] 
with 
holds. If no feedback channel is available, then the optimum strategy is to allocate equal power to each distributed transmit antenna element, i.e. E i ¼ 1=t. An available feedback channel, however, allows the transmit power to be optimised in dependency of the differing sub-channel gains g ðiÀ1Þ Á rþj so as to maximise the capacity given in (3). Because of the fairly intricate expressions, neither an explicit nor an iterative expression could be derived that determines an optimum allocation of power to each transmit element. The optimum allocation has hence to be obtained numerically which is a serious signal processing load for each node.
Numerical studies have revealed that an optimum transmit power strategy allocates little or no power to the antenna(s) from which the weakest subchannels depart and most of the power among the remaining transmit antennas. Furthermore, the antenna from which the strongest subchannels depart is allocated most power.
With this in mind, the approximate fractional power allocationÊ i to the ith transmit antenna is ( possibly nonlinearly) proportional to the total strength of the departing subchannels, i.e.
where the nonlinearity coefficient q is determined numerically so as to minimise the mean-error between optimum allocation E i and near-optimum allocationÊ i in a given SNR range. NormalisingÊ i so that P t i¼1Ê i ¼ 1, the power allocation can be approximated aŝ
where q ¼ 3 has shown to yield the smallest error for a large variety of conducted case studies [18] , some of which are illustrated by means of Figs. 3-6 . Figure 3 depicts the achieved capacity for a deployed Alamouti scheme with 2 transmit and 1 receive antenna against the relative channel gain g 1 in the first sub-channel, operating at an SNR of 10 dB. The channel gain in the second link has been set to g 2 ¼ 2 À g 1 , which makes the expectation of the Frobenius norm in (2) equal to two. Three transmit power distribution algorithms are compared: first, a numerically obtained optimum allocation; second, the proposed allocation; and third, an equal transmit power allocation. Clearly, optimum and proposed allocations virtually yield the same capacity over the entire range of g 1 , whereas an equal transmit power allocation is only close to optimum for both channel gains being approximately equal. Figure 4 demonstrates the validity of the allocation if more than one receive antenna is present. Here, the case of two transmit and two receive antennas is assumed, where the respective channel gains are set such that the expectation of the Frobenius norm in (2) equates to four, e.g. g 2 ¼ 1.8,
It is further assumed that g 1 and g 2 are the gains of the sub-channels spanned from the first transmit antenna towards the two receive antennas; similarly, g 3 and g 4 are the gains from the second transmit antenna towards the two receive antennas. The algorithm is again found to perform near optimum.
The proposed low complexity power distribution algorithm (8) renders numerical optimisation within the nodes superfluous, and yet accomplishes near-optimum performance. With the obtained near-optimum capacities in each relaying stage, the end-to-end capacity maximising fractional power and bandwidth are obtained following the analysis outlined in [18] .
Non-ergodic channel
Since for non-ergodic fading channels the channel realisation H (and hence h) is chosen randomly and kept constant over the codeword transmission, there is a non-zero probability that a given transmission rate F cannot be supported by the channel [2] . This probability is called the outage probability and it is easily obtained for the distributed communication scenario as [21] 
where the coefficients K ðiÀ1Þrþj are given by (4) and gð1; xÞ
Àx is the lower incomplete Gamma function. Similar to the ergodic case, the absence of a feedback channel requires equal power to be allocated to each distributed transmit antenna, i.e. E i ¼ 1=t. If, however, a feedback channel is available then a similar reasoning as for the ergodic case in the previous Section suggests that the allocationÊ i , which maximises (9) and satisfies constraint (6), can be approximated by the nonlinear weighting of the sub-channel gains, i.e.
where the exponent is chosen from the set f3; 1=3g so that the outage probability is minimised [18] . The reason behind the two possible exponents lies in the nonlinear behaviour of the outage probability rooted in Telatar's conjecture [2] . Recall that for a fixed communication rate, the number of antenna elements utilised for the actual transmission process changes in dependency of the available SNR. For the current analysis, the power in the sub-channels changes which triggers the optimum number of transmit antennas to change; this in turn causes the change in the exponent.
The performance of the transmit power distribution (10) is assessed by means of Figs. 5 and 6. Explicitly, Fig. 5 depicts the outage probability at F ¼ 2 bits/s/Hz for a deployed Alamouti scheme with 2 transmit and 1 receive antenna against the relative channel gain g 1 in the first subchannel, operating at various SNRs and g 2 ¼ 2Àg 1 . Compared are three transmit power distribution algorithms: first, a numerically obtained optimum allocation; second, the proposed allocation; and third, an equal transmit power allocation. It can be observed that optimum and proposed allocation virtually yield the same outage probability over the entire range of g 1 . Figure 6 demonstrates the validity of (10) if more than one receive antenna is present. It depicts the outage probability at F ¼ 2 bits/s/Hz against the relative channel gain g 1 in the first sub-channel at various SNRs. Here, the case of two transmit and two receive antennas is assumed, where the respective channel gains are again set such that the expectation of the Frobenius norm in (2) equates to four, e.g. g 2 ¼ 1.8, g 3 ¼ 2Àg 1 , g 4 ¼ 0.2. It is further assumed that g 1 and g 2 are the gains of the sub-channels spanned from the first transmit antenna towards the two receive antennas; similarly, g 3 and g 4 are the gains from the second transmit antenna towards the two receive antennas. The same observations as above can be made.
Conclusions
This work has considered the deployment of orthogonal space-time block codes (STBCs) in spatially distributed mesh networks communicating over ergodic and nonergodic frequency-flat Rayleigh fading channels. The spatial separation between the network nodes causes the average sub-channel gains, spanned from any transmit to any receive antenna, to be different. With the availability of a feedback channel, which informs each node of the mesh network about the prevailing average sub-channel gains, the transmit power can be optimised so as to maximise capacity or minimise the outage probability of the link. Since a numerical optimisation poses a serious increase in signal processing, two explicit transmit power allocation strategies of low complexity have been suggested here which were shown to yield near-optimum capacity and outage probability.
